In addition to stable, single-layer buckled honeycomb and washboard structures of group V elements (or pnictogens P, As, Sb, Bi) we showed that these elements can form also two dimensional, single-layer structures consisting of buckled square and octagon rings. An extensive analysis comprising calculation of mechanical properties, vibration frequencies and finite temperature ab-initio molecular dynamics confirm that these structures are dynamically and thermally stable and suitable for applications at room temperature and above it. All these structures are semiconductors with fundamental band gap, which is wide for P, but decreases with increasing row number. The effect of the spin-orbit coupling decreases the band gap and is found to be crucial for Sb and Bi. These results are obtained from first-principles calculations based on density functional theory.
I. INTRODUCTION
The element(s) and its atomic structure are crucial for the physical and chemical properties of 2D materials. Hopes in finding the contender of graphene 1,2 have initiated searches for new 2D materials of other elements in diverse structures. The synthesis of single-layer of hexagonal h-BN 3 and h-MoS 2 , 4 have been achieved quickly, since their parent layered crystals have weak interlayer interactions like graphite. In the mean time, the stability of similar single-layer (SL) hexagonal (h), as well as (T) structures of several transition metal oxides and dichalcogenides have been predicted 5 showing diversity of electronic and magnetic properties. On the other side, the tremendous experience accumulated through silicon technology rendered the synthesis of SL hexagonal Si a prioritized research field even if this element has no 3D layered allotrope like graphite. Interestingly, theoretical studies 6, 7 have shown that Si, as well as Ge can, in fact, form stable, SL honeycomb structures with hexagonal lattices, if alternating atoms at the corners are buckled to assure the stability in 2D. Later, silicene and germanene have been synthesized on Ag and Au substrates. 8, 9 Theoretical studies went further to include compounds of Group IV elements, as well as compounds III-V and II-VI elements in the study of stability; majority of them were demonstrated to form stable SL honeycomb structures. [10] [11] [12] [13] Other manifolds zinc blende compounds, such as tetragonal and V-shaped, were also predicted.
14 Much recently, AlN and GaN in honeycomb structures have been also synthesized. 15, 16 Apart from the honeycomb structures of graphene, other allotropes, like graphynes and graphdiynes were also considered. [17] [18] [19] [20] [21] Theoretical studies predicted that α, β, and γ graphynes are stable; while α and β graphynes preserve Dirac cones, γ graphyne is a semiconductor due to Kekule distortion effect 22, 23 . Sharma et al. 24 predicted sp 2 hybridized 2D allotrope of carbon, named as pentahexoctite having mechanical strength comparable to graphene. In addition, Zhang et al. 25 predicted five atomically thin, free-standing germanium selenide (GeSe) polymorps, which have high kinetic stability and energy band gaps in the visible region. It has been shown that MoS 2 , which is normally a semiconductor in SL honeycomb structure, possesses both massless Dirac and heavy fermions when it is formed in planar, SL square/octagon-, or s/o-structure with 2D square lattice. 26 . After the synthesis of very thin films of phosporus 27 researchers start to seek similar structures in other group V elements or pnictogens. Recent theoretical studies have predicted that nitrogen, 28 phosphorus, 29-31 arsenic,
32-35
antimony, 36-39 bismuth [40] [41] [42] [43] and compounds of group V-V elements 44 can form stable, freestanding SL, planar as well as buckled honeycomb (b-) structures similar to that of silicene and germanene, and also other manifolds, such as SL symmetric (w-)and asymmetric washboard (aw-) structures and others. These SL phases are named, respectively as nitrogene, phosphorene, arsenene, antimonene and bismuthene. It should be noted that phosphorus, arsenic, antimony and bismuth have stable, 3D quasi layered parent crystals, which corroborate efforts to synthesize SL or very thin films (or multilayers) of these elements. Among the possible non-honeycomb structures of phosphorus, Guan et al. 30 and Wu et al., 31 proposed a s/o-type structure consisting of square and octagon rings. However, neither dynamical, thermal and other stability analysis of these structures was performed to show that whether they are really stable, nor any relevant structural parameters, such as buckling distance, short and long bonds, bond angles, pertinent mechanical properties and critical energetics etc. were provided to characterize the s/o-structure. Recently, Kou et al. 45 pointed out that buckled s/o-structure (they named as tetragonal bilayer) of Bi is stable and exhibits topological insulator features.
Earlier, we have studied SL pnictogen phases consisting of planar and buckled honeycomb, symmetric and asymmetric washboard structures, whereby their dynamical and thermal stability, mechanical, electronic, magnetic and optical properties were revealed and also their functionalization with selected single atoms and molecules were investigated. 21, [34] [35] [36] 43 In those studies crucial effects of the structures on physical properties were revealed. In this paper, we present a systematic study of pnictogens in SL freestanding, buckled s/ostructures. Since our tests resulted in an instability of SL nitrogene in s/o-structure, our study comprises only P, As, Sb and Bi among group V elements. Having assured that they are dynamically and thermally stable, we calculated their mechanical and electronic properties using density functional theory (DFT) and compared them with the properties of other SL phases of pnictogens. These structures are semiconductors with wide to narrow band gap, depending on the type of constituent group V elements. The effect of the spin-orbit coupling becomes crucial for s/o-Sb and s/o-Bi; but band energies calculated within DFT require correction. Interesting correlations of the physical properties of s/o-structures among pnictogens are also revealed.
II. METHOD
Our theoretical analysis and predictions are obtained from first-principles pseudopotential calculations based on both the spin-polarized and spin-unpolarized density functional theory within the generalized gradient approximation (GGA) including van der Waals corrections 46 . Here we used projector-augmented wave (PAW) potentials 47 and the exchange-correlation potential is approximated with Perdew-Burke-Ernzerhof (PBE) functional 48 . Numerical calculations were carried out using the VASP software. 49 . A plane-wave basis set with kinetic energy cutoff is taken to be ℏ 2 |k+G| 2 /2m = 400 eV. The Brillouin zones (BZ) were sampled in the k-space within Monkhorst-Pack 50 scheme by (16 × 16 × 1) mesh. Atomic positions were optimized using the conjugate gradient method, where the total energy and atomic forces were minimized. The energy convergence value between two consecutive steps was chosen as 10 −5 eV. A maximum force of 0.002 eV/Å was allowed on each atom. Gaussian type Fermi-level smearing method is used with a smearing width of 0.01 eV. In the periodically repeating slab model, the vacuum spacing between the layers are set to 15Å to minimize the interlayer coupling. Phonon dispersion curves are obtained by using the finite displacement method (for 2×2 supercells) as implemented in the PHONOPY 51 code without spin-orbit coupling (SOC). Additionally, the thermal stability analysis of the optimized structures was tested by using finite temperature ab-initio molecular dynamics (MD) calculations. A Nosé thermostat is used and Newton's equation of motion is integrated through the Verlet algorithm with time steps of 2fs.
Self-consistent field calculations of the electronic energy bands, total and orbital projected densities of states corresponding to the optimized structure were carried out with and without spin-orbit coupling (SOC). Since the fundamental band gaps are underestimated by standard DFT, we applied correction to PBE results using the screened hybrid functional, HSE06 method [52] [53] [54] [55] . The screening length of HSE06 is taken as λ=0.2Å −1 , and the mixing rate of the HF exchange potential is set to 0.25.
III. STRUCTURE AND ENERGETICS
In Fig. 1 SL buckled s/o-structure together with the major structural parameters and rectangular unit cell is shown. Even if the xy-projection of the structure appears to be formed from square and octagon rings, it actually consists of buckled square and octagon rings. The stability of the structure is maintained by the buckling of planar structure, whereby atoms at alternating corners are buckled by ∆z. This way, a SL structure consists of two atomic planes. All corners of the rings are occupied by the same atoms of Group V elements, namely P, As, Sb and Bi. The unit cell comprises 8 atoms at the corners of an octagon, which are connected by bonds, four of them, row number of X and becomes 0.75 for Bi. Similar analysis can be carried out also using areal packing fraction. All atoms are threefold coordinated in s/o-X structure; the bonds connecting any atom to its three nearest neighbors are not coplanar. Consequently, the hybridization of bonds deviates from sp 2 and acquires also p z orbital contribution.
Structural parameters, as well as, lattice constants presented in Fig. 1 are optimized. The energetics, elastic constants, phonon frequencies and electronic structures are calculated in terms of these optimized lattice constants. In Table I the values of structural parameters, elastic constants calculated for s/o-X structures are compared with those of b-X, w-X and aw-X (X=P, As, Sb and Bi) structures. Notably, the lattice constants a = b, bond lengths d 1,2 , and the buckling ∆z, increase with increasing row number of X-atom. The average bond length of s/o-X, b-X and w-X structures are approximately equal, but s/o-X and b-X have relatively smaller buckling parameter. In the rest of the text, the identification, SL buckled, in front of s/o will be dropped for the sake of brevity.
In Fig. 2 the isosurfaces of the total charge density of s/o-As, b-As and w-As are shown. Because of differences in the hybridization of hybrid orbitals in different bonds in s/o-As, the overall charge density distribution of these structure appear to be different.
As for the energetics of these structures, the cohesive energy and the formation energy at T =0 is relevant. The cohesive energy per atom of s/o-X structures,
is obtained from the difference between the total energy of a free X-atom and that of the corresponding s/o-X per atom. By definition E c > 0 indicates binding. The formation energy E f at T = 0 is obtained by subtracting the cohesive energy of 3D bulk crystal of X element from the cohesive energy of the s/o-X structure. In Table II , the energetics of 3D bulk, s/o-X, b-X, w-X and aw-X are compared. The cohesive energy of s/o-X structure is consistently 0.16 eV -0.27 eV per atom smaller than the most energetic SL structure of X elements. However, this small difference does not imply that s/o-X structures cannot be synthesized and/or they cannot remain stable at room temperature. All these structures have positive binding energy, but have negative formation energy. Accordingly, the optimized s/o-X phases may correspond to local minima on the Born-Oppenheimer surfaces as other structures. This situation necessitates an extensive stability analysis of each s/o-X structures in the next section.
IV. STABILITY ANALYSIS
Our analysis of stability starts with the calculation of the mechanical properties of the s/o-X optimized structures. To this end we calculate the in-plane stiffness,
x,y and Poisson's ratio ν xy = ϵ y /ϵ x . In these expressions, A is the area of the unit cell, E T is the total energy per cell of the s/o-X structure, and ϵ x is the uniaxial strain along x-axis. We note that C x = C y and ν xy = ν yx . Calculated values listed in Table I indicate that the in-plane stiffness of s/o-X structure is smaller than that of b-X, w-X and aw-X structures. This is mainly due to the fact that s/o-X is more open than other structures. Nevertheless, all s/o-X phases have positive in-plane stiffness, which decreases with increasing row number of X. Note that the difference between inplane stiffness of b-X and s/o-X increases with the row number of X complies with the fact that the areal atom density decreases with increasing row number.
We will deduce from the present analysis whether s/o-X structures correspond to local minima in the BornOppenheimer surface and whether these minima are deep enough to provide stability against thermal excitations. Stability tests in the present study cover dynamical stability at T =0K and high-temperature thermal stability. In the former, the vibration frequencies f (k) = Ω(k)/2π of a given s/o-X structure in the k-space are calculated. The structure is considered dynamically stable at T =0 K, only if all vibration frequencies in BZ f (k) > 0. The calculated vibration frequencies of all s/o-X (X=P, As, Sb and Bi) structures are found to be positive and hence confirm the dynamical stability of these four structures at T =0. In Fig. 3 , we present the dispersions of the vibration frequencies f = (k) along symmetry directions (or phonon bands) and the densities of states. The modes corresponding to specific frequencies are also described. The overall distributions of the vibration frequencies are similar in s/o-X structures, except that their widths and frequencies of singular points in densities of states raise with decreasing row numbers of elements. It should be noted that for elements having low row numbers, the X-X bonds are relatively shorter and conversely force constants are relatively stronger leading to relatively higher vibration frequencies.
The thermal stability at high temperature, which is crucial from the technological application point of view of s/o-X structures, indicates that local minimum of a s/o-X structure is deep. This is tested by ab-initio molecular dynamics (MD) calculations. Here any s/o-X structure preserving its overall shape at high temperature for the time scale of picoseconds and keeping its optimized atomic configuration as T → 0 can assure that it is stable at room temperature and perhaps slightly above. In Fig. 4 we show the snapshots of atomic configurations of s/o-X structures taken from MD simulations at various temperature. In the course of MD iterations lasting 2 picoseconds at 1500 K the identity of the s/o-structure is remained, especially for P and As. Severe and irreversible distortions start to occur from 1500 K on for heavier elements for Sb and Bi.
Based on calculated values of mechanical properties, dynamical, as well as thermal stability tests, which were performed in picosecond time scale at temperatures as high as 2200 K, one concludes that four free standing s/o-X structures considered in this paper can be stable at room temperature and at least slightly above it. This conclusion renders the electronic properties of these four s/o-structures worthy of investigation for possible applications.
V. ELECTRONIC PROPERTIES
Understanding the physical properties, in particular electronic energy bands of stable s/o-X structures is the prime motivation of the present study. The electronic structure of the optimized and stable s/o-X (X=P, As, Sb and Bi) structures will be investigated in this section. The electronic band structures calculated along the selected directions of BZ within PBE, PBE+SOC, HSE and HSE+SOC are presented in Fig. 5 . Comparing these bands, the effects of spin-orbit coupling, as well as HSE correction over DFT values are revealed. In addition, results of recent calculations on the energy bands of different structures, such as b-X, w-X and aW -X (X=P, As, Sb and Bi), will be compared in order to better understand the present s/o-structure. Values of the fundamental band gaps calculated with PBE method together with the band gaps of b-X, w-X and aw-X structures calculated earlier are listed in Table. III.
The fundamental band gap calculated using PBE is indirect and is 2. Since the fundamental band gaps are normally underestimated by DFT, the band structures are also calculated using the HSE correction. After HSE correction to PBE bands, the fundamental band gaps of s/o-X structures generally increase, but the direct/indirect character of the fundamental band gaps are unaltered. The effect of HSE correction is large for s/o-P and is 0.76 eV, but decreases with increasing row number of X. Namely, the correction is 0.68 eV, 0.53 eV, and 0.38 eV, for s/o-As, s/o-Sb, and s/o-Bi, respectively. After the inclusion of SOC to HSE correction, the band gap of s/o-P becomes unaltered and remains to be indirect. However, even if its character unchanged upon the inclusion of SOC, the band gaps decrease by 0. 
VI. DISCUSSIONS AND CONCLUSIONS
While 2D SL structures of group V elements in buckled honeycomb and washboard structures gain increasing research interest, here we predict another structure, which consists of buckled squares and octagon rings specified as s/o-X. This structure maintains group V elements threefold coordinated like buckled honeycomb and washboard structures and has even number of atoms in the primitive square lattice. Our analysis based on calculated mechanical properties, positive vibration frequencies and high-temperature, ab-initio molecular dynamic simulations indicates that suspended s/o-X structures are stable at room temperature and at least above it. Additionally, all of these structures are semiconductors with fundamental band gaps ranging from 3 eV to 0.15 eV. This renders s/o-structures of group V elements suitable for possible diverse applications in 2D electronics. In Fig. 7 we present the correlations of calculated values, the cohesive energy, formation energy, fundamental band gap, bond lengths, lattice constants and bucklings parameters of s/o-structures among group V elements. While structural parameters, such as lattice constants, bond lengths and buckling parameters increase with increasing row number of the group V elements, cohesive and formation energies, as well as fundamental band gap (PBE) decrease with increasing row number.
We found that the fundamental band gap of s/ostructure of any X element calculated by PBE is always largest among those of other stable SL phases, b-, wand aw-structures of the same element. The effect of spin-orbit coupling on PBE bands is negligible for s/o-P, but becomes significant for s/o-Sb and s/o-Bi, where the band gap decreases by ∼0.3 eV. Upon HSE correction applied to PBE results, the band gap increases; the increment is as large as ∼0.8 eV for P and As, but is relatively smaller for Sb and Bi. The band gaps normally decrease also by the inclusion of the spin-orbit coupling to HSE correction. After the inclusion of the spin-orbit coupling to HSE correction, the band gap of s/o-Bi decreases from 1.01 eV to 0.15 eV, and the dominating orbital character of the states at the top of the valence band switches from p x and p y to p z . Strong spin-orbit coupling can induce features indigenous to 2D topological insulator as in the asymmetric washboard structure of Bi.
The overall picture of the charge density plots of s/o-X is reminiscent of that of b-X. However, significant differences in the angles α i , i=1-3 and β give rise to changes in the orbital combination of bonds. In this respect, the chemical activity of a s/o-X structures exhibits changes from b-X.
In conclusion, we predicted another type of single-layer phase of group V elements consisting of buckled square and octagon rings. They are dynamically and thermally stable even in their free standing form. We found that these s/o-structures of P, As, Sb and Bi are semiconductor. 
